Abstract. A series of carbon nanotube (CNTs) and stainless steel fiber (SSFs) filled nylon 6 (PA6) conductive composites were synthesized for electromagnetic interference (EMI) shielding applications. The materials were prepared by the melt blending method with CNTs weight fraction of 1 and 3 wt% and SSFs of 2, 4, 6, 8, 10, and 12 wt%. The shielding effectiveness, electrical resistance and crystallization behaviors were measured. The results indicate that the shielding effectiveness and electrical properties can be improved by increasing either SSFs or CNTs contents. Higher content of CNTs can bring forward the percolation threshold and enhance the shielding effectiveness to 51.8 dB. Due to the nano-confinement/multiple nucleation effects, PA6 crystallization behavior is influenced by adding the CNTs and SSFs.
Introduction
The conductive fillers filled polymer composites have found the divers applications in industries such as airplane, microelectronics, medicine, automobile, etc. The advantages of conductive polymers provide an effective technology for electromagnetic compatibility and interference suppression, including high electrical conductivity, light weight, easy molding, good corrosion resistance and low cost. Up to now, major conductive fillers used include carbon blacks [1] [2] [3] , stainless steel fibers [4, 5] and carbon nanotubes [6] . A varies of polymers and polymer blends can serve as the matrix. The conductive properties of composite materials can be controlled by properly choosing the components, their shape and their relative concentrations. Compared to spherical particles such as carbon blacks, the composites filled with conductive fibers at the same filler content have better conductive and shielding properties, because the three dimensional interconnection conductive network are easily formed. Due to the low content needed to provide electrical conductivity, SSFs are good candidate for conductive polymer composites, which has found some applications in industries. Due to the unique mechanical, electrical and thermal properties, CNTs have attracted a great attention. However, the great interaction among the CNTs prohibits their good dispersion in the polymer matrix, which makes the adding content of CNTs is very limited. In order to improve the CNTs dispersion in the matrix, a lot of methods were attempted such as melt-processing [7] , mechanical stretching [8] , latex technology [9] and magnetic fields [10] , etc.
In this study, we choose SSFs as the main conductive network components and CNTs as conductive sub-network ones, both are incorporated in PA6 matrix to form a conductive polymer composite. The crystallization behavior is investigated. The effect of filler content on the conductivity and shielding effectiveness is studied.
Materials and Experimental
Two types of fillers used in this study are carbon nanotubes (CNTs) and stainless steel fibers (SSFs), and the polyamides 6 (PA6) was chosen as matrix. The carbon nanotubes of 10-30 µm long and of 20-40 nm in external diameter have a purity of larger than 80% and electrical conductivity of larger than 100s/cm, provided by Chengdu Organic Chemicals Company Ltd. of Chinese Academy of Sciences. The SSF is 12 µm in diameter and the SSFs/PA6 granules of 5mm long and 3 mm in diameter were synthesized by continuous fiber master batch process.
Two-steps process of manufacture was carried out to prepare the conductive composites. Firstly, the CNTs were dried at 110℃ for 8 hours and melt processed with PA6 through an extruder at 250℃ and so CNTs/PA6 pellets of 3mm long and 2mm in diameter were obtained. Secondly, CNTs/PA6 pellets, SSFs/PA6 granules and pure PA6 granules were dried separately at 110℃ for 8 hours and then mixed and injection mould into the sample discs. All material series are given in table 1. The measurement of shielding effectiveness (SE) follows the ASTM D4395 standards with the frequency changing from 30 MHz to 1.5 GHz. The electrical resistivity was measured by Voltage-Current methods on ZC-90 resistance measuring instrument of Shanghai Taiou Incorporation. This test follows the BG/T3048.5 standard with a voltage of 10V. X-ray diffraction (XRD) experiments were performed on a Philips X'PertPro diffractometer with a 3 kW ceramic tube as the X-ray source (Cu KR) and an X'celerator detector. Besides, the Transmitted Polarization Microscope (TPM, Olympus BX51) was used to observe the microstructure of the materials. Fig.1 shows that the PA6 and SSFs/PA6 series composites display a single peak at 2θ of 21.5°, which is characteristic of the γ-crystalline form of PA6. With the adding of SSFs, there is always one single peak. So we can conclude that SSFs did not change the crystalline structure of PA6.
Results and discussion

Crystallization behavior
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Fig. 1 XRD patterns of studied materials
The crystallite size can be obtained by using the Scherrer expression [11] and the calculated values are given in Table 2 . It is noted that the crystallite size decreases with the SSFs adding. For PA6 filled with both SSFs and CNTs, it is remarked that there are two peaks, one at 21.5° representing γ-crystalline, another at 24° being characteristic of α-crystalline of PA6. Liu et al. [12, 13] reported that under annealing condition, CNTs promoted the α-crystalline form of PA6 to convert into the γ-crystalline form. At the same time, the intensity of the peaks was decreased. Our observations confirm that when adding SSFs and CNTs in the PA6 matrix, both converting and nano-confinement effects exist simultaneously. Fig.2 shows a standard percolation behavior of volume resistivity varying with SSFs content: the volume resistivity of SSFs/PA6 composite decreases slowly with the increase of SSFs content until a threshold of 4 wt%（0.9vol%）, from where the volume resistivity rapidly decreases from 10 14 Ω·cm to 10 4 Ω·cm at SSFs content of 6wt% and then to 10 3 Ω·cm over 6wt%. According to the results, it is believed that a conductive network of SSFs is formed inside the material. When the SSFs weight fraction is 2% (Fig.3a) , the SSFs distribution is homogeneous without the interconnection among the SSFs. So, the conductivity of material is almost the same as neat PA6. The conductive network tends to be established when the SSFs content increases to 4wt% as shown in Fig.3b . In this case, the SSFs density is near the critical threshold value. As soon as the critical threshold is reached (6wt % in our case), i.e. the conductive network is completely formed, the conductivity saturation happens, so a conductivity plateau can be seen. For CNTs/SSFs/PA6 composites, the adding of 1wt% CNTs results in about an order of resistivity drop from Fig.2, i. e. from 5×10 4 to 5×10 3 at 6wt% SSFs, and from 10 3 to 10 2 at 12wt% SSFs.
Conductive properties
This comes from the reinforcement of CNTs on the conductivity. It is probably due to the fact that the CNTs form a sub-network among the SSFs network, the reinforcement mechanisms is schematically shown in Fig.4 .
Fig.4 Reinforcement mechanisms on conductivity by CNTs
When CNTs content increases to 3wt%, the density of sub-network is increased, therefore the interconnection between the SSFs and CNTs, as well as among the CNTs is greatly enhanced. This contributes to a further drop of resistivity. With the adding of 3wt% CNTs, the abrupt drop of resistivity begins at 2wt% SSFs, instead of 4wt% SSFs. At 4wt% SSFs, the volume resistivity of CNTs/SSFs/PA6 composites decreases seven orders of magnitude compared to SSFs/PA6 composites, and is near the value at 6wt% SSFs for SSFs/PA6 composites. This phenomenon means that we can apply 3wt% CNTs to replace 2wt% SSFs to achieve the same conductivity, which will certainly reduce the density, then weight of materials. Fig.5 shows the SE of SSFs/PA6 composites correlated with frequency. On the whole, the SE increases with the SSFs content. From 4wt% SSFs, the SE increases progressively with the frequency. The SE of composites with 12wt% SSFs (1.9vol% SSFs) reaches more than 35dB (maximum SE is 51.8 dB at 1.5 GHz). In the study presented in references [14] [15] [16] by traditional blending methods, the SE value is only 35dB by adding 5 and 7vol% SSFs into PP and /ABS, respectively. Therefore, our materials have better shielding properties with lower SSFs content From the results given in Fig.5 b and c, the SE of CNTs/SSFs/PA6 composites is much better than the composites without CNTs, all curves move upwards. The most evident improvement of SE occurs at 4 and 6wt% SSFs. In the case of SSFs/PA6 composites, the SE values increase from 23 to 40dB at 6wt% SSFs. However, for CNTs/SSFs/PA6 composites with 1wt% CNTs, the corresponding SE values are increased from 27 to 46dB. Further improvement is noticed when CNT content is 3wt%, the corresponding SE values are from 28 to 50dB. Those results reflect the role played by the CNTs on the SE improvement.
Shielding properties
Conclusions
The CNTs/SSFs/PA6 composites were prepared by melt injection method with CNTs/PA6 pellets and SSFs/PA6 granules synthesized by continuous fiber master batch process. Both CNTs and SSFs have an influence on PA6 crystallization behavior. The crystallite size decreases because of the nano-confinement effect and faster exothermic rate caused by multiple nucleation effect. In addition, CNTs promote the α-crystalline converting into the γ-crystalline form.
The SE of composites increases with increasing SSFs loading in the frequency range of 30 MHz to 1.5 GHz, achieving the threshold value at the SSFs fraction of 4-6wt%. At the loading of 12wt% SSFs, composites exhibit more than 35dB and the maximum SE reaches 51.8 dB. The results of volume resistivity agree well with those of SE properties. Around the threshold value, 3wt% CNTs can greatly decrease volume resistivity and increase SE of composites.
